Trends and seasonality analysis since 1980 and longitudinal distribution from headwaters to 10 estuary of chlorophyll aalgal pigment, nitrate and phosphate were investigated in the 11 eutrophic Loire River. The continuous decline of phosphate concentrations recorded since 12 1991 both in the main river and in the tributaries led to a significant reduction in 13 phytoplanktonic algal biomass across the whole river system. While eutrophication remained 14 lower in the main tributaries than in the Loire itself, they were found to contribute up to 345% 15 to the total nutrient load of the main river. The seasonality analysis revealed significant 
Introduction 1
For several decades, eutrophication has become a major issue affecting most surface waters 2 (Smith et The first regulatory studies of the largest French river eutrophication, i.e. the Loire River, 30
were made in the 1980s in the Middle and Lower segments (Crouzet, 1983; Meybeck et al., 31 1988; Lair and Reyes-Marchant, 1997; Etcheber et al., 2007). The Middle reaches ( Fig. 1)  32 18) from the Loire-Allier confluence to the Loire-Cher confluence which receives only minor 1 inputs from small tributaries; (iii) the Lower Loire (65%; stations 19 to 21) which receives 2 major tributaries (Cher, Indre, Vienne and Maine Rivers) doubling the river basin area and the 3 average river water discharge. 4 As summer low flows can reach critically low levels in the Middle reaches where four nuclear 5 power plants are located (Fig. 1) , two dams were constructed on the Allier and Upper Loire 6 (Naussac 1981 and Villerest, 1984) to maintain low flows over a minimum of 60 m water returning to the Loire from the nuclear power plants only raises the temperature by a 27 few tenths of a degree thanks to an atmospheric cooling system (Vicaud, 2008) ) and total phosphorus (Ptot)) are available online on the OSUR 23 website (http://osur.eau-loire-bretagne.fr/exportosur/Accueil). Sixty-nine monitoring stations 24 were set up along an 895 km stretch. Stations sampled at least monthly between 1980 and 25 2012 (bi-monthly or weekly for some variables) were selected for analysis in this paper (17 26 stations, Fig. 1 ). To take into account the influence of major tributaries, five sampling sites at 27 each of the major tributary outlets were also included (stations A to E). 28 The water quality of the Loire River has also been assessed during several other surveys, 29 generally with high sampling frequency, but these data have seldom been used and/or 30 compared in previous studies. River flow datasets on a daily basis were taken from the national "Banque Hydro" database 11
(http://www.hydro.eaufrance.fr/). The local population census (INSEE, 2008 ) and the Corine 12
Land Cover (2006) were also used to estimate the general characteristics at different water 13 quality stations (Tables 1 and 2 ). 14 15
Methods 16

Data pre-processing 17
To validate the AELB datasets and eliminate remaining outliers, log-log relationships 18 between concentration and discharge were analyzed and compared with previous research 19 studies carried out during targeted periods (Grosbois et al., 2001; Moatar and Meybeck, 20 2005) . The separation of living algal phytoplankton biomass (characterized by chlorophyll a) 21 and algal detritus (characterized by pheopigments) depends on the protocol used and since 22 this protocol may have changed over the last 30 years, we worked with the sum of chlorophyll 23 a and pheopigmentstotal pigments (chlorophyll a + pheopigments), which increased the 24 robustness of the data and corresponded better to phytoplanktonic algal biomass as an active 25 biomass and organic detritus (Dessery et al., 1984; Meybeck et al., 1988) . Thus, for clarity 26 further in the text, "Chl. a" corresponds to the sum chlorophyll a + pheopigments. 27 PO 4 3-time series included periods reaching the limit of quantification. When evidenced, such 28 data were not taken into account to avoid mis-interpretation of such constant values. The 29 datasets also included periods with missing values. In all cases, no infilling were realized. 30
Sampling frequencies were most of the time monthly (only 10% of datasets were sampled on 1 average every two weeks or more often), but in order to homogenize the time series, the rest 2 of the analysis was conducted on monthly medians. 3
To assess longitudinal distribution of nutrients and algal phytoplanktonic biomass, each year 4 was divided into two seasons: "summer", here considered as the phytoplankton growth period 5 from April to October, when more than 90% of the algal phytoplankton bloom is observed 6 (Leitão and Lepretre, 1998) and "winter", here November to March when Chl. 
Building up spatio-temporal diagrams 24
Time series were represented with a 2D spatial x-axis and seasonal y-axis. This allowed the 25 observation of both longitudinal and seasonal distribution during a certain period, between the 26 river headwaters to the estuary and from January to December. When needed and possible, 27 missing data were interpolated both spatially and temporally to represent a smoother diagram. 28
Three periods were defined and separated the last three decades in three sub-periods on the 29 basis of Chl. a concentrationsalgal pigments: 1980-1989, 1990-2001 and 2002-2012 . into its component parts: 5
where f is the observed time series, T is the identified trend, S the seasonal component, C the 7 sustained cyclical component (e.g. diurnal cycle caused by biological activity) and Irr the 8 "irregular" component defined as white noise, representing the residuals. Because this method 9 was used on monthly medians, the variable C was not assessed here. 10
The trend was defined using an Integrated Random Walk model. It is a special case of the 11 Generalized Random Walk model (GRW) and has been shown to be useful for extracting 12 smoothed trends . This provided the identified trend and the slope of the 13 trend. 14 The seasonal components were defined as follow: 15 These trends provided by the DHR model were always significant and explained at least 50% 6 of the variations in the deseasonalized time series (Table 3 ). The most significant trends were 7 observed in Chl. a algal pigments and PO 4 3- . The long term variations in NO 3 -were less 8 pronounced justifying a lower corresponding strength. The Dynamic Harmonic Regression model represented well the time series, depending on the 7 river reach and the type of variable (Table 4 ). Seasonal components were stronger in Middle 8
and Lower Loire than in Upper, with better correlations between detrended time series and 9 calculated seasonal component (45 to 85% variance explained by the seasonal component in 10 the Middle and Lower against 15-45% in the Upper). Chl. a Algal pigments series were well 11
represented by the seasonal component, whereas PO 4 3-was sometime poorly explained, 12
illustrating the high variability of this parameter. Nitrate time series presented the best fits, 13 with around 80% of the variance explained by the seasonal component in the Middle and 14
Lower reaches. 15
Analysis of the main tributaries variations and their impacts on the Loire 16
long-term trends 17
Trends in the main tributaries of the Loire River (stations A to E) mimicked the Loire River 18 variations with high signs of eutrophication during the 1980s and 1990s followed by a general 19 decline (Table 5) . At each major tributary confluence, the tributaries inputs could contribute on average to 35% 7 of the main river nutrient fluxes. The more significant inputs were coming from the Allier 8 River (station A) discharging almost the same amount of NO 3 -and PO 4 3-as the Upper Loire 9 River. Because of the lack of data allowing nutrient fluxes calculations on a fine temporal 10 scale, these results are to be considered with caution. But they are certainly giving good 11 approximations of how much these tributaries can influence the Loire main stem 12 eutrophication trajectory. 13
Seasonal amplitudes of Chl. aalgal pigments, nutrients, O 2 and pH in the 14
Middle Loire 15
As described above, Chl. aalgal pigments, nitrate and phosphate concentrations presented 
Role of agricultural and urban pressures on the Loire long-term variations 26
The population density profile (Fig. 2) illustrates well the fact that phosphate concentrations 27 are linked with urban P-inputs. Thus, most changes in phosphate levels are connected to more 28 The relationship between the winter nitrate levels and the percentage of the catchment under 9 arable land is strong (Fig. 2) , illustrating the fact that nitrate levels originate mainly from 10 diffuse agricultural sources. The slightly increasing trend in nitrate could partly be explained 
Nutrient limitation variation since 1980 7
The N:P molar ratio allows to determine whether the system studied is potentially under growth, if N:P is under 14, the system is limited by N; over 16, it is considered P-limited. In -12 between, N and P availabilities might be sufficient or the ecosystem might be co-limited by N 13 and P (Koerselman and Meuleman, 1996) . 14 In the Loire River, a slight increase in annual concentrations of nitrogen during the last 30 15 years while phosphorus inputs decreased greatly resulted in the modification of the N:P molar 16 ratio (Fig. 5) . In the Middle Loire, the annual average ratio kept on increasing since 1980. In reinforcing the P-limitation characteristic of the Loire River during the phytoplanktonic 27 growth period. These results indicate that P-limitation of phytoplankton growth has become a 28 significant factor. When the river hydrology remains stable in the summer, phytoplankton is 29 potentially under P-limititation. This is suggesting an explanation for the apparent shift in 30 seasonal phases of Chl. a concentrations (late summer blooms no longer occur, described in 31 section 3.2): in those cases, the P-limitation is reached before any other limitation. 32
The N:P molar ratio allows to determine whether the system studied is under nitrate or 1 phosphate limitation (Koerselman and Meuleman, 1996; Ludwig et al., 2009). Under 14, the 2 system is limited by N; over 16, the ecosystem is considered under P-limitation. In-between, 3 N and P availabilities are sufficient or the ecosystem is co-limited by N and P. 4
In the Loire River, a slight increase in annual concentrations of nitrate during the last 30 years 5 while phosphate decreased greatly resulted in the modification of the N:P molar ratio. In the 6
Middle Loire, the annual average ratio kept on increasing since 1980 (Fig. 5) . In summer 7 during the 1980s, the lowest values observed were occasionally under the Redfield limitation 8 but most of the time over it. These results suggest that the system has always been P-limited 9 and occasionally not limited by N nor P. Since 1998, the system never reached again the 10
Redfield limit and remained in the P-limitation domain as a result of reducing significantly 11 phosphorus direct inputs. Similar variations were observed in other river systems (e.g. the The ratio in summer apparently started to decrease since 2008, but this is unfortunately due to 24 the fact that the quality of analysis of PO 4 3-has reduced, increasing the quantification limit 25 from 10 µg P L -1 before 2008 to 30 µg P L -1 afterwards. 26
This analysis suggested an explanation for the apparent shift in seasonal phases of algal 27 pigments (late summer blooms no longer occur, described in section 3.2): in the 1980s, the 28 algal development was not controlled by bioavailability of nutrients and the algal growth 29 limitation was probably hydrologic and climatic. Since the system is always P-limited, algae 30 growth would empty in-stream available phosphate and not be able to develop any longer 31 even if hydrologic and climatic conditions remain favorable. 32 and delta pH stopped decreasing suggesting that a non-phytoplanktonic activity was rising. 12
Besides, one would expect that since phytoplankton biomass declined, water column 13 irradiance increased and macrophyte abundance would have risen. We unfortunately lack 14 data about macrophyte and periphyton developments in the Loire River, but the biological 15 (Table 6 ). Besides, station 15 is located upstream of the 7 locally known Beauce aquifers inputs rich in nitrate contents because of an intense 8 agricultural pressure. Algal pigments remained higher downstream, and as expected both 9 summer nitrate and phosphate were lower at the downstream station. Hence, the 10 differences between the two stations were negative. If one considers Redfield ratios 11 (C:N:P:Si = 106:16:1:40 mol) and C:Chl. a = 37 based on the study of Loire 12 phytoplankton by Descy et al. (2011) , the potential uptake of nitrate and phosphate by the 13 algal biomass can be calculated from Chl. a datasets (Table 6 ). 14 The calculated algal uptake explained well the observed difference of PO 4 3-between the two 15 stations, except the last decade where lesser data quality probably explain a lower value. 16 The calculated uptake was singularly not covering the total NO 3 -decrease between the 17 two stations, only reaching 63% in the 1980s, higher during the 1990s when 18 phytoplankton biomass developed the most (83%), and back to 62% the last decade. iii) The in-stream denitrification could play a significant role on this NO 3 -loss, but it is hard 19 to speculate on this aspect without data. Further investigations are here necessary. 20 21
Conclusions 22
The Loire River is a relevant case of a river recovering from severe eutrophication by 23 controlling phosphorus direct inputs. 24
This study highlighted how contrasted can be the different long term trajectories of algal 25 pigmentChl. a and nutrient concentrations in the different reaches of a eutrophic river and 26 contributed to better understand the current biogeochemical functioning. Although the Upper 27
Loire received the highest concentrations of phosphorus, the signs of eutrophication were 28 expressed only in the lowest part of the Upper River because of its morphology. The Middle 29
Loire is very favorable to eutrophication and the Lower reach functioning and trends 1 remained close to the Middle Loire trajectory although it receives most of the tributaries 2 inputs. Signs of eutrophication remained lower in the major tributaries than the main river 3 stem, but it has been shown that their influence on the Loire River nutrient fluxes (and 4 consequently on the phytoplanktonic algal biomass) at the confluences can reach up to 35%. 5
This study also support the previous works on the Loire eutrophication, but the analysis of the 6 long term changes in seasonality in this paper could bring more elements: 7 i) Controlling P-inputs also impacted the river biogeochemistry at the seasonal scale: 8 seasonal amplitudes of Chl. a and orthophosphate greatly decreased; and this 9 impacted O 2 and pH both daily and seasonally. However, nitrate amplitudes 10 remained quite stable, evidencing the fact that phytoplankton growth had a minor 11 influence on nitrate seasonal variations questioning the exact role played by fixed 12 aquatic vegetation and denitrification on the nitrogen cycle. 13
i) The Loire River has always been under P-limitation, explaining why controlling P-14 inputs led to decreasing dramatically eutrophication across the whole basin. 
